Climate change is projected to have adverse impacts on public health.
INTRODUCTION
Although many health effects of climate change have been identified (16, 52) , the global disease burden for only a limited number of climate-sensitive diseases has yet been quantified (8, 41) . Systematically identifying and quantifying the many pathways through which climate change can affect health are major challenges for which a comprehensive health impact assessment (HIA) is required. The principal value of such an HIA approach would be to better inform preventive measures ranging from risk-specific activities such as heatwave early-warning systems and mosquito abatement programs to broader energy policies to reduce emissions of fossil fuels-the root cause of global warming. Through an HIA approach, decision makers may best achieve primary prevention of climate change disease risks, in addition to early warning and surveillance (4, 7, 35) .
Jackson & Shields, in this Annual Review of Public Health symposium (32) , argue that the health community should consider both disease-specific preventive measures and the reduction of greenhouse gases (GHGs) that cause global warming. We concur and emphasize that health policy interventions involve not only risk assessment but also benefit assessment and broader implications. Therefore, we contend here that the health impact assessment (HIA) framework provides a comprehensive and policy-relevant approach to improve decisions on climate change and health policy.
HEALTH IMPACT ASSESSMENT
HIA has been defined as "a combination of procedures, methods and tools by which a policy, program or project may be judged as to its potential effects on the health of a population, and the distribution of those effects within the population" (17) . Note that by shifting focus more broadly to "potential effects on health," including both positive and negative effects, interventions can be evaluated beyond simply risk or hazard reduction.
Under a more flexible framework of HIA, cobenefits can be included that provide a more comprehensive, and therefore valuable, decision support tool to policy makers. An efficiently designed urban mass transit system, for example, will not only reduce GHG emissions, but will certainly reduce local air pollution [with associated health benefits described in the paper by Walsh in this symposium (64) ] and will also likely include multimodal transportation that promotes physical exercise. In the United States, where obesity is now viewed as the nation's most challenging epidemic, energy-efficient neighborhoods and urban design aimed toward GHG mitigation could thereby result in the substantial ancillary health benefit of increased opportunities for walking and bicycling.
Thus, HIA can be a useful tool to a range of stakeholders when considering multiple outcomes to be optimized to attain populationwide benefits. Also, climate change exposures do not occur in isolation from other concurrent environmental stressors, e.g., land use change, and the HIA framework encourages analysis of synergistic pressures on environmental public health. Stakeholder concerns are variable across multiple criteria but can generally be grouped into (a) economic, (b) political, (c) quality of life, or (d ) moral concerns (34) . Therefore, key components that are important to the multistakeholder HIA process include equity/democracy, sustainability, and ethical use of evidence (66). Human health is central to all these stakeholder interests. Health is essential to quality of life, is viewed by many as a fundamental human right, and is central to many economic impacts and political actions (34) . The principles of HIA are therefore clearly suited to considering the full set of implications of any of the range of policy options that could affect health in association with climate change. However, we need to develop further the practical application of these methods to such upstream decisions and to pay increased attention to prioritization and economic implications to ensure that the assessments have true impact on the eventual outcome of decisions and that their true potential is realized (18) .
ENVIRONMENTAL JUSTICE, HIA, AND CLIMATE CHANGE
Marked regional differences influence vulnerability to health effects of climate change, be they from differences in climate exposures, public infrastructure/adaptability, or baseline climate-sensitive disease rates (28, 48) . These include regions that are currently most influenced by El Niño (e.g., western South America, Southeast Asia, and Africa). Also, areas undergoing concurrent environmental degradation could modify climate exposures, for example, broadly deforested regions across Indonesia or Latin America where the cutting of forests can alter local ambient conditions or-in the face of heavy rainfall events-can exacerbate flooding (53) . Of course, regions bordering areas with high endemicity of climate-sensitive diseases, such as malaria in the African highlands, could be at risk if current temperatures are limiting the geographic distribution of disease. For each of these areas, society's capacity to adapt to expected changes will determine vulnerabilities to climate change-induced health risks.
Issues of inequity in GHG responsibilities have been noted by many researchers, and it is widely accepted by those studying the impacts of climate change that developed countries are responsible for the largest share of the cumulative past GHG emissions, which led to the observed rise in temperature (3, 9, 60 ). Yet, those countries or populations most vulnerable to global warming are ironically those least responsible for causing the problem (Figure 1) . Africa, a continent where an estimated 70% of malaria occurs, has some of the lowest per capita emissions of GHGs. Up to this point, the United States, by comparison, has been the world's leading contributor to GHGs, and per capita, Americans rank as the world's highest energy consumers. 
COMPARATIVE ASSESSMENT OF THE GLOBAL BURDEN OF DISEASE FROM CLIMATE CHANGE
Estimating the full range of effects of climate change on health, over appropriately long time scales, presents challenges to conventional epidemiological approaches. These challenges include (a) the absence of an appropriate comparison group, (b) the long time period over which human actions affect climate, (c) the large number of health outcomes potentially affected by climatic change, and (d ) the numerous nonclimatic influences on each of these outcomes. Simply observing long-term trends in climate-related diseases and attributing these changes directly to anthropogenic climate change are insufficient (35, 43, 54) . We have learned the most about future climate change impacts using empirically observed relationships between weather variability and subsequent health effects.
Models already provide useful quantitative measures of future risks from climate change for specific health outcomes. However, the results of these models are difficult to relate directly to inform decisions on GHG mitigation strategies, first, because many do not attempt to account for changes in nonclimatic influences such as economic development (and hence, the ability to protect against disease risk), and second, the model outcomes are often indirectly related to health, and then only to specific diseases. On aggregate, the cobenefits of GHG mitigation may substantially add to specific climate-sensitive diseasesreinforcing the need for embedding a comparative risk assessment (CRA) into a broader HIA framework.
By adopting the World Health Organization CRA approach, some of these concerns can be partly addressed by using a standard framework for comparison across risk factors and diseases (22, 23, 45, 65) . The assessment generated estimates of the numbers of deaths and disability adjusted life years (DALYs) attributable to each risk factor in the year 2000, Comparative risk assessment involves four stages: (a) identifying climate-sensitive health outcomes, (b) determining dose-response relationships for baseline climate, (c) selecting future climate scenarios, and (d ) estimating the climate change-attributable burden of disease and the burden that is avoidable by plausible reductions in the risk factor (41, 42) .
IDENTIFYING CLIMATE-SENSITIVE HEALTH OUTCOMES
Global climate change is already beginning to affect health states and is expected to have broad and increasingly severe health impacts. These could occur through various exposure pathways, such as the frequency or intensity of extreme heat waves, floods, and droughts (51) . Warmer air temperatures could also influence local and regional air pollutants and aeroallergens. Less-direct health impacts may result from climate-related alteration of ecosystems or water and food supplies, which in turn could affect infectious disease incidence and nutritional status. Finally, sea-level rise could lead to massive population displacement and economic disruption (29) . The first World Health Organization (WHO) global assessment of the disease burden caused by climate change utilized quantitative models for heatand cold-related mortality, malaria, diarrhea, malnutrition, and fatalities from flood events.
QUANTITATIVE ESTIMATES
Population-specific quantitative models of the climatic effects for health outcomes, or sufficient reliable disease and environmental data to allow construction of such models, are required for CRA. Models are usually generated on the basis of measurements of the health effects of observed variations in climate over time, for instance the effect of unseasonably hot or cold days on disease rates (13, 30) , or geographic range (31, 55) , or both (e.g., 36, 57). Extrapolating short-term or geographic relationships between climate and disease to the process of long-term climate change is likely the most important source of uncertainty in the assessment; impacts from gradual climate shifts may either be less severe (e.g., because of gradual adaptation) or more severe than expected owing to long-term stresses, for example, leading to irreversible changes in foodproducing ecosystems. Another challenge to assessing risk from empirical extrapolation is that some climatic events, such as heat waves, are projected to be of a duration or intensity previously unexperienced.
To accurately compare health risks attributed to climate change we must adopt a summary measure of population health, such as the DALY (44), to combine effects of mortality and morbidity. This restricts assessment to only diseases with well-characterized and quantified disease burdens (e.g., cases of diarrhea) excluding other likely outcomes of climate change that will be broad scale and relevant to health yet lacking well-defined links to disease risk, such as populations suffering increased water stress (1) (another reason to couple CRA with HIA approaches). To resolve model discrepancies for the same health outcome, selection should be made on the basis of (a) validation against historical data, (b) biological plausibility, and (c) applicability to other regions.
SCENARIO-BASED CLIMATE CHANGE EXPOSURE ASSESSMENT
Baseline exposure for comparison generally consists of a climate presumably unaffected by any human activities. Although not entirely unaffected by fossil fuel combustion or deforestation, the World Meteorological Office climate averages from 1961 to 1990 are considered an appropriate baseline for such analysis.
Climate change exposures are based on global climate scenarios: internally consistent representations of future climatic conditions. These are generated by applying a range of levels of anthropogenic forcings from GHG emissions to computer models representing human and natural influences on the global climate. Output data consist of grid maps of climate variables, such as temperature, precipitation, and humidity at varying spatial resolution. The global health assessment, for example, applied three scenarios of future GHG emission levels (2): The first would continue on an unmitigated trajectory approximately following the IPCC IS92a scenario; the second would stabilize CO 2 concentrations at 750 ppm [approximately double preindustrial concentrations; (10) ] by the year 2210 (s750), and the third would stabilize CO 2 concentrations at 550 ppm by the year 2170 (s550), with projected changes in climate variables compared with a 0.5
• spatial resolution grid of 1961-1990 climate.
ESTIMATING ATTRIBUTABLE AND AVOIDABLE BURDENS OF DISEASE
The key challenge of the CRA of climate change is the need to link the change in exposure measurement to the change in health outcome. For each degree centigrade (unit) increase in ambient temperature, the increase in diarrhea incidence in a country (or subpopulation) per year can be estimated using relationships derived from more detailed longitudinal or cross-sectional studies. A relative risk or proportional change can then be calculated under each of the various future climate scenarios. The disease burden attributable to climate change can then be estimated by multiplying this relative risk by the total burden of disease that would have been expected to occur in the absence of climate change.
Obviously, many health outcomes are multifactorial, requiring one to consider the nonclimatic factors such as economic development or demographic trends. Nonclimatic effects can be partly addressed by stratifying relative risk estimates separately for pop- Figure 2 .
In addition to the analytical difficulties in quantifying health impacts of climate change, the main limitation of the CRA approach in relation to policy making is that CRA is directed at measuring the burden associated with a specific risk, rather than considering the full range of implications of a policy or an intervention (i.e., including the costs, or cobenefits, of interventions).
COBENEFITS FROM MITIGATING CLIMATE CHANGE
Solutions to the health risks posed by climate change have often been divided into either adaptation strategies to prevent adverse consequences or mitigation measures to reduce fossil fuel combustion as the main cause of global warming. Responses should occur at many points along the continuum from energy policy and climate warming to more proximal health risks from heat waves or climate-sensitive infectious diseases. Moreover, as with any health risk, the further upstream the intervention, the broader the potential benefit. Briefly described below are a few well-recognized cobenefits of reducing GHG emissions, and Smith & Haigler (in this symposium) (58) (Figure 3) . Many of these GHG mitigation strategies to prevent climate change will also have immediate public health cobenefits. Three broad areas of cobenefits include reduced local air pollution, enhanced fitness from sustainable urban design, and infectious disease regulation from abating deforestation ( Table 1) .
COBENEFITS FROM REDUCED AIR POLLUTION
Probably the best-known example of cobenefits from reducing fossil fuel combustion is the reduction of local air pollution because CO 2 is emitted alongside criteria air pollutants. Cifuentes et al. (14) found that a significant number of illnesses and deaths could be avoided by implementing GHG mitigation measures available today. By achieving a 10% reduction in GHGs, the resultant reductions in ozone and particulate matter (PM) air pollution over the period from 2001 to 2020 across the cities of New York, São Paulo, Santiago, and Mexico City would prevent 64,000 premature deaths, 65,000 cases of bronchitis, and 37 million person-days of restricted activity or work loss.
The 1996 summer Olympics that occurred in Atlanta offered a unique natural experiment of the direct respiratory health benefits of removing cars and their tailpipe emissions from an urban environment. During the Olympics, peak morning traffic decreased by 23%, and peak ozone levels dropped by 28%. As a result, childhood asthma-related emergency room visits fell by 42% (26) . See Walsh in this volume (64) for a detailed analysis of transportation trends and health trade-offs.
MULTIPLE COBENEFITS FROM SUSTAINABLE URBAN DESIGN
Over the past century, urban planning in many parts of the world has become decoupled from public health. Sprawling suburbs, particularly in the United States, have translated to increased dependence on the automobile, with multiple consequences including nonpoint source air pollution and water pollution from run-off over impervious asphalt surfaces, the urban heat island effect, and very likely a marked decrease in personal exercise, fitness, and mental health (27) .
Recent quantitative studies are reinforcing this connection between urban design and health. For example, a survey conducted from 1998 to 2000 across 448 U.S. counties showed that suburban sprawl, at the county level, was associated with higher body-mass index (BMI), hypertension, and inversely, amount of time spent walking (21) . And according to a U.S. Department of Transportation National Household Survey, for respondents who indicated they used mass transit, the median time of walking to and from transit was 19 min (5). A study from Galway, Ireland, showed that highly walkable locales (e.g., the city center or mixed-use suburbs) enhanced social capital [e.g., knowing and trusting neighbors, engaging in civic groups, and generally feeling a sense of community (38)]. Certainly many socioeconomic or cultural variables can confound such analyses, but there is a growing literature addressing the ramifications that the built environment has on the physical and mental health of urban dwellers.
As a population, 60% of American adults do not meet recommended levels of physical activity, and 25% are sedentary (20) . Fifteen percent of children and adolescents ages 6-19 are overweight (12) , and 7% of the U.S. population has diabetes (11). Of the 10 leading causes of death in the United States, most can be attributed in part to a sedentary lifestyle. According to the Department of Transportation, 40% of trips made by car are less than two miles (19) . If, for example, the proportion of commuters by bike increased from the current level of 1%-2% to a new level of ∼15% or 20% (similar to the rate of bicycling commuters in Davis, California), a significant triple win could be achieved: increased personal fitness (measured as additional calories expended), improved respiratory health from improved air quality, and reduced tons of emitted greenhouse gases (M. Grabow & J. Patz, unpublished data).
REDUCING DEFORESTATION TO MAINTAIN AND ENHANCE TERRESTRIAL CARBON STORAGE
Forests sequester and store more carbon than any other terrestrial ecosystem and are an important safeguard against climate change. When forests are cleared or degraded, their stored carbon is released into the atmosphere as carbon dioxide (CO 2 ) and the carbon store or sink they could provide in the future is removed. Tropical deforestation alone is responsible for ∼20% of annual worldwide GHG emissions (25, 39) . The pace of tropical forest clearing has dramatically increased over the past three decades, and some have estimated that an area of tropical forest the size of New York (9 million hectares) was cleared each year during the 1990s alone (24) . If current trends continue, the world's rainforests could vanish by the end of this century.
Reducing rates of tropical deforestation, or in some case replanting trees, would significantly increase carbon storage and could have the cobenefits of preserving valuable plantderived pharmaceuticals and regulating several widespread infectious diseases that have resurged in the face of deforestation. At the current rates of deforestation in the tropics (62) , at least 20% of species, including ∼600 potential drugs, will be lost in the next 30 years (17) . Livelihoods and the mental health of indigenous forest dwellers may be affected by deforestation that displaces settlements and alters traditional ways of life.
Deforestation and land use change have also resulted in the spread of infectious diseases as well as a rise of emerging and reemerging diseases (49, 50) . Deforestation, along with associated land use changes and human resettlement, has contributed to changes in malaria and/or its vectors throughout the tropics (6, 15, 59 ). In the East African Highlands Anopheles gambiae larvae survivorship in small pools was 55%-57% in open habitats exposed to direct sunlight, compared with 1%-2% in fully and partially forested habitats (61) . The expansion of malaria is also occurring in Amazonia, where deforestation has provided suitable breeding sites for Anopheles darlingi. In deforested areas, breeding sites yield more than a 100-fold increase in An. darlingi biting rates, even after controlling for human population density (63) .
The rapid rush to switch energy sources away from oil and increase reliance on cropderived ethanol or biodiesel could also have www.annualreviews.org • Health Impacts of Climate Changedevastating effects on the fate of the world's forests. In fact, the impacts of expanding prominent biofuel crops instead of food production are already evident in South America and insular Southeast Asia as large-scale fields of soybean and oil palm, respectively, expand in these regions, leading to forest clearing, expulsion of subsistence farmers, and large emissions of CO 2 to the atmosphere (25) . Furthermore, recent research shows that the vast majority of newly expanding oil palm fields have replaced closed forest in parts of Malaysia and Indonesia and that increases in soybean production in Brazil coincide with more forest conversion (H. Gibbs, unpublished data). Some biofuel crops will be accompanied by increased use of agrotoxins or routine burning that may harm human health beyond increases in infectious diseases from forest clearing (46) . Although reducing our reliance on fossil fuel energy is immediately and obviously necessary, an unregulated biofuels boom could affect world food supplies and price (62) and could easily have the opposite effect on the conservation of tropical forest if energy demand continues to rise without thoughtful planning (H. Gibbs, unpublished data).
HEALTH AND ENVIRONMENT: OPPORTUNITIES IN THE INTERNATIONAL FRAMEWORK CONVENTIONS
The growing confluence of health and global environmental change creates a unique opportunity for the international community. Growing evidence of the acute impacts of global environmental change is making clear the need to act quickly to protect the planet's ecological and climatic systems. Without such action, millions of people in all countries are likely to face significantly greater health risks. Existing health disparities are being exacerbated by climate change and the loss of ecosystem services required to support and maintain health and well-being for many people already struggling with poverty, malnutrition, and the effects of natural disasters.
In this context, new emphasis on the human health dimensions of global environmental change offers a strong motivation for concerted global action to address challenges such as climate change, biodiversity loss, and land degradation. Health has long been a major component of environmental concern in many countries, and a new focus on health may help shore up public support for progress toward new, more ambitious global environmental policies.
The emerging UNFCCC discussion on reducing emissions from deforestation and degradation (REDD) could have major benefits for regulating human disease and general welfare by mitigating local climate change and natural disasters, while providing financial incentives to developing countries to conserve forests (56) . A group of developing countries, led by Papua New Guinea and Costa Rica, have formed the Coalition for Rainforest Nations and are calling for financial incentives via the international carbon market to help curb rates of tropical deforestation and the associated carbon emissions (37) . This initiative was formally negotiated at the UNFCCC Conference of the Parties (COP)-13 meeting in December 2007. These key international policy measures may represent key moments for health and climate scientists and policy makers to work together.
CONCLUSION
Quantifying the health risks linked to climate change and comparing these figures to those from other risk factors will assist in public health planning. However, to the extent that many cobenefits will arise from reducing fossil fuel emissions that cause global warming, and that other actions either to mitigate or to adapt to climate change (e.g., utilizing increased amounts of biofuels) could have significant trade-offs and potential negative health implications, assessment approaches that extend beyond conventional risk assessment-such as health impact assessment-are required. Under this broader assessment strategy, the grand challenge of climate change could present enormous health opportunities. Redesigning cities to be sustainable, thus encouraging less automobile dependence and more biking and walking, is but one example of why reducing fossil fuel combustion can be so health promoting. To realize some of these multi-wins, new concerted and highly interdisciplinary partnerships must be forged, nurtured, and maintained.
SUMMARY POINTS
1. Poor nations and communities are disproportionately vulnerable to the consequences of climate change. Whereas industrialized nations contribute the bulk of carbon emissions, mostly through fossil fuel burning, developing nations suffer far higher relative economic and human losses from increased vulnerability to infectious diseases and other health concerns associated with climate change.
2. The IPCC Fourth Assessment report has further strengthened the overwhelming body of evidence showing that human activity, primarily from fossil fuel burning, is the dominant cause of the observed rise in average global temperatures. The report further warns that adverse health effects will likely outweigh health benefits.
3. Fossil fuel combustion is also the main source of conventional air pollution and air toxics. Additionally, gasoline-based transportation and subsequent automobile dependence in many urban centers may decrease opportunities for population-wide physical fitness, as well as opportunities for building social capital and enhancing health equity. Therefore, major health cobenefits are possible from greenhouse gas mitigation policies.
4. In adapting or mitigating climate change and associated risks, we must carefully plan (under a comprehensive health impact assessment framework) for potential trade-offs or side effects of new energy options (e.g., potential destruction of rainforests in the quest to expand biofuels to replace fossil fuel sources).
FUTURE ISSUES
1. Future research should explore the health effects of biofuels and other renewable energy sources.
2. It is important to identify potential health and ecological impacts caused by the shift from fossil fuels to biofuels.
3. We must weigh the pros and cons of adaptation strategies (e.g., over-reliance on air conditioning with potential risk of electrical blackouts).
4. Investigators should conduct full health impact assessments to optimize the multiple health benefits through decarbonizing our energy economy.
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